The olfactory epithelium is known to be vulnerable to a wide variety of environmental chemicals (Gaskell, 1990; Dahl and Hadley, 1991; Dahl and Lewis, 1993; Reed, 1993) . More recently, the olfactory epithelium has been shown to be sensitive to a number of chemicals following noninhalation exposures (Brittebo et al., 1981; Turk et al, 1987; Brandt etal, 1990; Brittebo et al, 1990; Genter et al, 1992 Genter et al, , 1995 Deamer et al, 1994) . In the case of a number of these compounds, the distribution of the lesion within the nasal cavity in not uniform, with lesion distribution putatively linked to bioactivation to more toxic metabolites of the compound by metabolic enzymes in the olfactory mucosa [e.g., methimazole (Genter et al, 1995) ; 3,3 '-iminodipropionitrile (IDPN; Genter et al, 1992) ; 2,6-dichlorobenzonitrile (dichlobenil) ; bromobenzene Eriksson and Brittebo, 1991) ; phenacetin (Bogdanffy et al, 1989) ; dihydropyridines (Reed et al, 1989) ; 3-methylindole (Turk et al, 1986 (Turk et al, , 1987 ; and JV-nitrosodiethylamine (Jensen and Sleight, 1987; Brittebo et al, 1981) .
The specific metabolic enzyme responsible for the bioactivation of olfactory toxicants in most cases is not known. Ding et al (1994) reported that P450s 2A10 and 2A11 (both olfactory specific isozymes), as well as 2E1, are capable of producing hydroxylated dichlobenil metabolites. Genter et al (1994a) demonstrated that immunohistochemically detectable P450 2E1 appears to colocalize with the lesions caused by IDPN and dichlobenil, i.e., 2E1 is concentrated in the Bowman's glands of the olfactory mucosa lining the dorsal medial meatus of the nasal cavity, with little 2E1 found in the mucosa lining the more ventral and lateral airways. Other metabolic enzymes, including the flavin-containing monooxygenases, are also found in the mucosa lining the dorsal medial meatus of the nasal cavity (Genter et al, 1995) .
A number of previous reports have linked destruction of the entire olfactory mucosa with deficits in olfactory function. Deficits in olfactory function have been documented after intranasal instillation of zinc sulfate (ZnSO 4 ; Alberts and Galef, 1971) , inhalation exposure to methyl bromide (Hurtt et al, 1988; Hastings, 1990) , and ip administration of 3-methylindole (Turk et al, 1986 (Turk et al, , 1987 Peele et al, 1991) , all treatment regimens that completely destroy the olfactory epithelium. Functional recovery from methyl bromide-and ZnSO 4 -induced olfactory deficits has been demonstrated in a time-dependent manner that does not correlate well with the histologic recovery of epithelial tissues (Alberts and Galef, 1971; Hurtt et al, 1988) . Inhalation exposure to 200 ppm methyl bromide, which caused complete olfactory epithelial destruction, was followed by recovery of olfactory function (assessed by a buried food pellet test) when only a layer of rapidly proliferating basal cells was present throughout the ethmoid turbinate region of the nasal cavity (Hurtt et al, 1988) . Functional recovery in the rat following ZnSO 4 instillation similarly precedes full histological recovery of the tissue. Olfactory epithelial regeneration was clearly in progress 2-4 days following intranasal instillation of 1% ZnSO 4 in several species (Smith, 1951; Schultz, 1960; Matulionis, 1976) . Unfortunately, the aforementioned histopathological studies were not accompanied by functional studies. Alberts and Galef (1971) reported the return of olfactory function 5-7 days following nasal irrigation with 5% ZnSO 4 ; no olfactory mucosal histopathology was reported for these animals, although the authors reported the absence of histologic damage to the olfactory bulb. In contrast, Harding et al (1978) reported that anosmia persisted for up to 4 months following instillation of 0.17 M (approximately 2.7%) ZnSO 4 .
Unlike the lesions induced by methyl bromide, 3-methylindole, or ZnSO 4 , the olfactory toxic effects of IDPN and dichlobenil do not involve the olfactory epithelium lining the entire nasal cavity. The pattern of olfactory epithelial degeneration involves the mucosa lining the dorsal medial meatus (DMM) of the nasal cavity (Genter et al, 1992; Brandt et al, 1990) . More importantly, the extent of olfactory functional deficit associated with destruction of the olfactory mucosa lining the DMM has yet to be determined. On the basis of the histopathologic and morphometric profile of tissue destruction, it seems reasonable to postulate that the loss of only the mucosa lining the DMM might be associated with minimal functional deficit. Qualitatively, the degree of recovery from IDPN-induced olfactory mucosal damage appears to be more complete than that associated with dichlobenil exposure. Extensive fibrosis and respiratory metaplasia in the mucosa of the dorsal medial meatus have been reported 30 days after dichlobenil administration (Deamer et al, 1994) , while the degree of metaplasia and fibrosis is overall less severe following IDPN treatment (Genter et al, 1992) . One might postulate, on the basis of this information, that the functional deficits associated with dichlobenil would be greater than those seen following IDPN exposure.
In the present studies, olfactory function was assessed in dichlobenil-, IDPN-, and methimazole-treated rats using an olfactory-cued spatial memory task, the buried food pellet test (Alberts and Galef, 1971; Hurtt et al, 1988) . Methimazole, which causes total destruction of the olfactory epithelium (Genter et al, 1995) , was administered as a single 300 mg/kg dose ip as a positive control. Quantitative histopathology was used to correlate lesion extent to the magnitude of the functional deficits. Morris water maze (MWM) testing (Morris, 1981) , which is not dependent upon olfactory function, was also conducted in order to test the hypothesis that the deficits in olfactory function caused by dichlobenil, IDPN, and methimazole were not attributable to impaired spatial memory, but rather to olfactory epithelial damage.
METHODS
Animals. Male Long-Evans rats (6-7 weeks of age) were obtained from Charles River (Raleigh, NC). Rats were housed two per cage in plastic (18.5 X 9.5 X 6.5 in.) cages and were maintained on a 12 hr light/dark cycle. During the 1 week acclimation period, rats received food (Agway Prolab 3000, Agway, Inc., Syracuse, NY) and tap water ad libitum. Room temperature and relative humidity ranged from 19 to 21°C and 35 to 55%, respectively. Rats used for Morns water maze testing continued to be fed ad libitum throughout the duration of the MWM studies. Food restriction was accomplished with rats used for the buried food pellet test by feeding two pellets (approximately 13 g) per day during the training period and three pellets (approximately 21 g) per day after baseline performance had been attained. This resulted in maintenance of body weights at approximately 260 g (±5 g; mean ± SEM), down from an initial weight of approximately 300 g. Body weights were recorded two to three times per week throughout food deprivation and testing.
Chemicals. Test compounds were obtained from the following sources: IDPN (>99%, Eastman Fine Chemicals, Rochester, NY), dichlobenil (97% Aldrich, Milwaukee, WI), and 2-mercapto-l-methylimidazole (methimazole; 98% Sigma, St. Louis, MO). Both 0.9% saline (for IDPN injections) and dimethyl sulfoxide (DMSO; Aldrich; for dichlobenil and methimazole injections) were used as vehicles.
Olfactory function testing.
A modification of the buried food pellet test (Alberts and Galef, 1971 ) was used to assess olfactory function. Twentyeight rats were divided randomly into four treatment groups. Animals were food restricted (above) and trained to locate, dig up, and eat a 0.5-1 g piece of rodent chow which was buried under a layer of bedding. The position of the pellet was changed daily in a random fashion. Training and testing was conducted in a 0.61 x 0.61 x 1.2-m open chamber constructed of Plexiglass, covered with black plastic on three sides (the side which faced the laboratory wall was left uncovered), and filled with approximately 7.5 cm of com cob-derived cellulose bedding. The rats received one trial per day until the animals' latency (defined as the time needed for the rat to locate, dig up, and begin to eat) reached a criterion of 20 sec or less (baseline). The animals received a maximum of 5 min/tnal to find the pellet and were tested in a counterbalanced order. After baseline was attained (on Day 22), each animal received a single ip injection of one of the olfactory toxicants (below). Testing resumed approximately 24 hr later (Day 24) until baseline latency was reattained (Day 33).
Data were analyzed with a repeated measure analysis-of-variance with treatment as the between-groups variable and session latency as the withinsubjects repeated variable. A significant interaction of treatment and session was followed by one-way ANOVA testing for main effects of dose at each test session. Mean contrast tests (Duncan's) were done for all sessions with significant main effects of treatment. An alpha level of <0.05 was considered significant. (Morris, 1981) , essentially as described by Mundy and Tilson (1988) , was used. The tank was 1.53 m in diameter by 0.61 m high, with a clear Plexiglass platform attached to the bottom with magnetic strips. The position of the platform remained constant. The tank was filled with water to a depth of 1 cm over the top of the platform (0.46 m). Thirty-two rats were randomly assigned to one of four groups as described above. Prior to acquisition trials, rats were placed in the tank for a single 60-sec trial on 2 consecutive days to ensure that they could swim.
Rats were given 30 acquisition trials over a period of 10 days; each rat was started at three of the four different start positions (located at 90°i ntervals around the tank) each day and testing was performed in a counterbalanced pattern. Each rat was tested using a different sequence of start points compared to the proceeding rat. Thus, no two rats tested sequentially had the same escape path, minimizuig the potential impact of odor cues (see Means et al., 1992) . The daily intertnal interval for each rat was approximately 40 min. If the rat reached the platform within 60 sec, the latency (defined as the time to reach and climb upon the platform) was recorded. A 60 sec latency was assigned to rats who did not find the platform within 60 sec. These animals were placed on the platform manually and allowed to remain there for 10 sec prior to removal.
After a baseline latency was attained (on Day 11), each animal received a single ip injection of one of the olfactory toxicants (below). Testing resumed 24 hr later (Day 12) and continued for 7 days post-treatment.
Data were analyzed as means of individual daily test sessions using a repeated measure analysis-of-variance with treatment as the between-groups variable and session latency as the within-subjects repeated variable. An alpha level of <0.05 was considered significant. Toxicant administration. IDPN (200 mg/kg), dichlobenil (100 mg/kg), or methimazole (300 mg/kg) was administered ip following acquisition of the respective behavioral tasks. A separate group of untreated rats served as controls for each study. Toxicants were diluted (IDPN in saline; dichlobenil and methimazole in DMSO) and administered as a single ip dose of 1 ml/kg. The doses selected were based on published (Genter et al., 1992 (Genter et al., , 1994b and pilot data demonstrating olfactory toxicity in the absence of systemic effects (e.g., body weight, clinical signs, etc.).
Histopathology and morphometry. At the end of behavioral studies, all rats were killed by CO 2 asphyxiation. Tissue was prepared for nasal cavity histopathology by formalin fixation and formic acid decalcification as previously described (Genter et al., 1992) . Hematoxylin and eosin (H& E>stained level 3 sections (5 fim in thickness; Young, 1981) were examined by light microscopy. The fraction of lesioned olfactory mucosa in a level 3 nasal cavity section (Young, 1981) was quantitated with the aid of a Zeiss videoplan. The basement membranes underlying damaged and intact regions of olfactory mucosa were traced directly from the H&E-stained sections from all control and treated animals. Calibration was achieved with a 1-mm stage micrometer. Data were analyzed with an ANOVA for a main effect of treatment followed by mean contrast tests (Duncan's).
RESULTS
Food restriction resulted in an approximately 22% loss in body weight in the rats during the acquisition of the buried food pellet task. In contrast, the rats trained for the Morris water maze task, who were fed ad libitum, gained weight at a constant rate (data not shown). None of the treatments resulted in observable clinical signs of toxicity. There were no treatment-related body weight deficits.
IDPN, dichlobenil, and methimazole caused a transient increase in the mean latency in the buried food pellet test, as shown in Fig. 1 . The magnitude and duration of this effect was not constant among the three chemicals. This is evidenced by a significant time X treatment interaction (F(32,768) = 4.42, p < 0.0001), and significant main effects of treatment on Days 24-32 (all Fs (3,24) > 3.25, p's < 0.0396). IDPN treatment caused a small increase in latency on Day 24 (p < 0.05) and returned to control levels by Day 28 O > 0.05). Compared to IDPN, dichlobenil treatment resulted in a greater increase in latency on Day 24 (p < 0.05) and also returned to control levels by Day 28 (p > 0.05). The magnitude of the effect of methimazole on the latency to find the pellet was much greater than that caused by either IPDN or dichlobenil. None of the methimazole animals was able to find the pellet on Days 24 and 25 (i.e., maximum scores of 300 sec were assigned), and latency values remained higher than controls through Day 32 (p < 
0.05). Methimazole animals did not recover to control levels until Day 33 (p > 0.05).
Histologic examination of nasal cavity sections revealed varying degrees of olfactory mucosal damage and recovery, with the damage in the methimazole-treated animals greater than that seen in the dichlobenil-treated rats; the IDPNtreated rats displayed the least olfactory mucosal damage overall. The area involved for dichlobenil and IDPN was restricted to the epithelium lining the dorsal medial meatus. Morphometric analyses on tissues from rats terminated at the end of this study confirmed this qualitative impression (Fig. 2 ). There was a main effect of treatment (F(3,22) = 290.07, p < 0.0001) and significant differences between all groups (p < 0.05). Therefore, the degree of functional impairment correlated well with the extent of acute olfactory mucosal damage and the time required for recovery of olfactory function. Interestingly, one of the methimazole-treated rats never recovered sufficient olfactory function to find the buried pellet, though histopathology revealed that the degree of mucosal recovery in this rat did not differ from those rats who did recover function.
The results of the Morris water maze task revealed no deficits in any of the olfactory-toxicant-treated rats (Fig. 3) . All rats were able to acquire the task within 10 days, and there was no impact on performance caused by any of the three chemicals. This is evidenced by a nonsignificant time X treatment interaction (F(48,432) = 1.4133, p < 0.01397) and no main effect of treatment (F(3,27) = 1.50, p < 0.02378). There was a significant main effect of time (F( 16,432) = 120.14,p < 0.0001), indicating that all groups learned the task.
DISCUSSION
The studies reported here were undertaken to determine the extent of functional deficits associated with the loss of the olfactory mucosa surrounding the dorsal medial meatus. Both dichlobenil and IDPN caused transient deficits in olfactory function, and there was a positive correlation between the extent of olfactory mucosal damage, the latency to find the pellet 24 hr after treatment, and the time required for the animals to return to their pretreatment baselines.
Methimazole was included in these studies as a positive control, as previous studies had revealed that a single 300 mg/kg dose of methimazole was associated with destruction of virtually all of the olfactory mucosa (Genter et al., 1994b (Genter et al., , 1995 . This extensive destruction (>95%) was accompanied by a prolonged loss of olfactory function compared to IDPN and/or dichlobenil. It is interesting to note that the functional deficits resulting from ip administration of methimazole recovered over approximately the same time course as the deficit resulting from inhalation exposure to 200 ppm methyl bromide (Hurtt et al., 1988) or intranasal instillation of ZnSO 4 (Alberts and Galef, 1971) .
There are at least five possible interpretations of these data. First, the observed effects could be attributable to a deficit in "cognitive" function (i.e., disruption of memory of the learned task) resulting from administration of the toxicants. This possibility is unlikely, based on the negative findings in the Morris water maze task. A second possible interpretation is that IDPN, dichlobenil, and methimazole cause a deficit in the rats' sense of smell resulting from loss of olfactory sensory neurons. This interpretation is supported by two pieces of data generated in this study. First, the extent of olfactory mucosal damage was clearly related to the length of time required for the rats to return to their pretreatment baseline latencies. IDPN, which caused damage to the smallest fraction of the olfactory mucosa, was associated with the most rapid recovery, followed, in terms of severity of damage and time-to-recovery, by dichlobenil and methimazole, respectively. Also in support of a true olfactory deficit is the observation that the degree of olfactory mucosal damage is positively correlated with the latency on the day following toxicant administration. That is, methimazole, which causes the most significant degree of olfactory mucosal damage, is associated with the greatest latency 24 hr after exposure, followed by dichlobenil and IDPN, in descending order of both damage and acute latency.
A third possible interpretation of these data is that the apparent functional deficits observed in the buried food pellet test is attributable to some factor other than olfactory neuronal loss. The increased latency following toxicant administration could be attributable to the presence of debris in the airways, resulting from the sloughing of the damaged epithelium, impairing airflow and therefore the interaction of inhaled odorants with odorant receptors. In fact, it could be argued that IDPN-treated rats "recovered" the most quickly because they had the least damage and therefore the least epithelial debris in the airways. (This possibility would be difficult to quantitate experimentally, as the procedure for fixing nasal cavity tissues involves flushing the nasal cavity retrogradely via the nasopharynx with fixative; this process would undoubtedly remove some or all material resting in the nasal airways.) The findings of Harding et al. (1978) also support a conclusion that the observed deficits are not due to olfactory neuronal loss. These investigators found that rats could successfully find buried food pellets with as little as 10% of the olfactory epithelium intact. Therefore, particularly in the case of IDPN and dichlobenil, it appears that sufficient olfactory epithelium may have remained intact for the rats to find the buried pellet.
Alternatively, it is possible that the increased latency following treatment was due to the rats feeling a general malaise after olfactory toxicant administration. This hypothesis is unlikely. Toxicant administration did not cause body weight loss, nor was it was associated with clinical signs of toxicity. Furthermore, rats moved about the test chamber in a normal fashion and often stepped on the bedding-covered pellet without detecting it. Lastly, airflow studies show that the dorsal medial meatus of the nasal cavity is extensively ventilated during normal resting breathing (Morgan et al., 1991; Kimbell et al., 1993) , and nasal cavity histopathology demonstrated that it is predominantly the epithelium lining this region of the nasal cavity which is damaged by IDPN or dichlobenil exposure. In the course of training rats in the buried food pellet task, it is possible that they became accustomed to finding the buried food pellets with a relatively passive breathing pattern. Therefore, the recovery observed in this study may simply be a behavior modification, wherein the rats learned to increase ventilation rate and/or volume so that the more lateral airways (containing intact olfactory epithelium in the IDPN-and dichlobenil-treated rats) would receive more inspired air. A more definitive way to address this issue might be to monitor olfactory evoked potentials, a technique with which the populations of neurons responding to an odorant could be mapped.
Given the proposed link between olfactory system transport of toxicants and/or damage and the ultimate development of neurodegenerative diseases (Roberts, 1986; Perl and Good, 1987; Thome and Rowles, 1988; Ghantous et al., 1990; Hastings and Evans, 1991) , both the extent of functional damage and putative impacts on cognitive function are of interest with respect to such lesions. The apparent conflict between the results of spatial memory testing reported herein and those of Peele et al. (1990) is likely a reflection of the dose of IDPN administered rather than the choice of task used for memory testing. The IDPN-treated rats in the present studies received a single 200 mg/kg dose, whereas Peele et al. (1990) used a total dose of 600 mg/kg (200 mg/kg X 3 consecutive days). Likewise, Llorens et al. (1994) demonstrated disruption of performance of tasks requiring spatial learning and memory in rats receiving doses of 200 mg/kg X 3 consecutive days, with the deficits due in part to an acquisition deficit. (It is interesting to note that the single 200 mg/kg dosing regimen used in this study did not result in loss of swimming ability, whereas Llorens et al. (1994) reported that all of the rats treated with three consecutive daily 200 mg/kg doses of IDPN became unable to swim.) The findings of the present study reveal that the transient olfactory deficit in the dichlobenil-, EDPN-, and methimazole-treated rats is not associated with performance deficits in a water maze task.
Correlations between olfactory epithelial structure and olfactory function have yet to be entirely understood. A number of odorant receptors have recently been cloned, and in situ hybridization reveals that many of the receptors have distinct patterns of expression (Nef et al., 1992; Strotmann et al., 1992; Buck, 1993; Ressler et al., 1993) , rather than displaying a uniform pattern throughout the nasal cavity. At least one class of odorant receptors has been localized to the dorsal medial region of the nasal cavity (Nef et al., 1992; Strotmann et al., 1992 Strotmann et al., , 1994 Buck, 1993; Ressler et al., 1993) , an area which coincides with the lesions induced by several systemically administered olfactory toxicants Genter et al, 1992; Deamer et al., 1994) as well as with a major route of airflow through the nasal cavity (Morgan et al., 1991; Kimbell et al., 1993) . The findings of the present study suggest that toxicants such as IDPN and dichlobenil, which destroy the olfactory mucosa in discrete regions of the nasal cavity, may cause selective functional deficits in response to certain odorants. Further, based on 2-deoxy-D-glucose uptake studies, the receptors associated with various odorants appear to project to specific glomeruli within the olfactory bulb (Guthrie et al., 1993) . These observations contrast with earlier reports attempting to address the topographic arrangement which exists between the olfactory mucosa and the olfactory bulb (Riddle and Oakley, 1991; Genter et al., 1992) , in which no apparent topographic arrangement was observed. Additional olfactory function studies with toxicants capable of eliminating receptor populations with known odorant specificity are clearly warranted.
In summary these studies demonstrate that destruction of the olfactory mucosa lining the dorsal medial meatus of the nasal cavity is associated with transient olfactory functional deficits. The mechanism underlying the olfactory function deficit, whether related to olfactory neuronal loss in a specific region of the nasal cavity or merely to debris in the nasal airways, is unclear. It is possible that a combination of these factors is responsible for the transient loss of olfactory function in rats systemically administered dichlobenil, IDPN, or methimazole.
